Turnover of the branched RNA intermediates and products of pre-mRNA splicing is mediated by the lariat-debranching enzyme Dbr1. We characterized a homolog of Dbr1 from Saccharomyces cerevisiae, Drn1/Ygr093w, that has a pseudometallophosphodiesterase domain with primary sequence homology to Dbr1 but lacks essential active site residues found in Dbr1. Whereas loss of Dbr1 results in lariat-introns failing broadly to turnover, loss of Drn1 causes low levels of lariat-intron accumulation. Conserved residues in the Drn1 C-terminal CwfJ domains, which are not present in Dbr1, are required for efficient intron turnover. Drn1 interacts with Dbr1, components of the Nineteen Complex, U2 snRNA, branched intermediates, and products of splicing. Drn1 enhances debranching catalyzed by Dbr1 in vitro, but does so without significantly improving the affinity of Dbr1 for branched RNA. Splicing carried out in in vitro extracts in the absence of Drn1 results in an accumulation of branched splicing intermediates and products released from the spliceosome, likely due to less active debranching, as well as the promiscuous release of cleaved 5 ′ -exon. Drn1 enhances Dbr1-mediated turnover of lariat-intermediates and lariat-intron products, indicating that branched RNA turnover is regulated at multiple steps during splicing.
INTRODUCTION
Pre-mRNA splicing by the spliceosome is carried out in two successive catalytic steps. In the first step, the 2 ′ -hydroxyl of an internal adenosine residue (the "branch point") attacks the phosphodiester upstream of the 5 ′ -splice site, yielding a cleaved 5
′ -exon and a lariat-exon intermediate. In the second step, the 3 ′ -hydroxyl of the 5 ′ -exon attacks the phosphodiester at the 3 ′ -splice site, ligating the exons and creating a lariat-intron product. The ligated exons are released for subsequent translation, while the lariat-intermediate (from unproductive splicing) and lariat-intron (upon splicing completion) are released for degradation.
Branched RNA as found in lariat structures created during splicing is debranched to linear form for exonucleolytic decay by the lariat-debranching enzyme Dbr1. If the second step of splicing is unproductive, the resulting lariat-intermediates are discarded by the DEAH-box ATPase Prp43 (Mayas et al. 2010) , linearized by Dbr1-mediated debranching (Khalid et al. 2005) , and further degraded by the cytoplasmic exosome (Hilleren and Parker 2003) . If splicing is productive, lariat-intron complexes are disassembled by Prp43 and the Ntr1 cofactor (Martin et al. 2002; Tanaka et al. 2007; Tsai et al. 2007; Fourmann et al. 2013) . These complexes contain the U2, U5, and U6 snRNAs, as well as members of the Nineteen Complex (Yoshimoto et al. 2009; Fourmann et al. 2013) . Debranching of lariat-introns by Dbr1 requires their release from post-splicing complexes by the DEAH-box ATPase Prp43 and accessory Ntr1 and Ntr2 factors (Martin et al. 2002; Fourmann et al. 2013) .
Despite the activity of the debranching pathway, a number of lariat-intermediates and lariat-introns are stable in cells (Hesselberth 2013) . Furthermore, turnover efficiency among branched RNA products is variable. For example, lariat-introns with branch site A-to-C mutations are poor substrates for the lariat-debranching enzyme (Jacquier and Rosbash 1986) . This enzyme also prefers substrates with a purine at the 2 ′ -position (Nam et al. 1994) . These results suggest that products of incorrect 5 ′ -splice site selection (i.e., the future 2 ′ -position in the lariat-intron) are poor substrates for debranching in vivo. Pre-mRNAs with a branch site A-to-G mutation complete the first step of splicing but strongly inhibit the second step (Liu et al. 2007) , producing high levels of lariat-intermediates that are exported to the cytoplasm and can be translated (Mayas et al. 2010) . Debranching of these lariat-intermediates by Dbr1 comprises a quality control mechanism for lariat-intermediates that do not complete splicing and escape into the cytoplasm (Hilleren and Parker 2003) . Shuttling of human Dbr1 between the nucleus and cytoplasm is dynamic (Kataoka et al. 2013) , and phosphorylated forms of both Dbr1 and Drn1 have been detected by proteomic analysis (Stark et al. 2010) , suggesting that RNA turnover by debranching is subject to regulation by both localization and post-translational modification. We characterized a novel splicing factor, Drn1/Ygr093w, in Saccharomyces cerevisiae that modulates the turnover of branched RNAs by Dbr1. We show that Drn1 acts in concert with Dbr1 to promote the turnover of lariat-intermediates and lariat-intron RNAs produced during and after the catalytic steps of splicing.
RESULTS

Drn1/Ygr093w is a homolog of the lariat-debranching enzyme Dbr1
S. cerevisiae Drn1 is a nonessential protein with two annotated C-terminal CwfJ ("complexed with five") domains (Ohi et al. 2002) . By use of profile-hidden Markov model-based searches (Finn et al. 2011 ), we identified a large region of homology between the N terminus of Drn1 and the N-terminal metallophosphodiesterase domain of Dbr1, a calcineurin-like 2 ′ -5 ′ phosphodiesterase ( Fig. 1A ; Khalid et al. 2005 ). However, despite the homology between these domains of Drn1 and Dbr1, nearly all of the residues essential for Dbr1 catalytic activity (e.g., His 13, 86, 179, 231, and 233 ; Asp 180; Glu 87) (Khalid et al. 2005) are found as nonconservative mutations in Drn1 orthologs (Fig. 1B , red arrows), suggesting that this domain does not catalyze RNA debranching. Drn1 is evolutionarily conserved from S. cerevisiae to humans with identical domain organization (Fig. 1B) . The Cterminal CwfJ domains of Drn1 contain a series of evolutionarily conserved cysteine and histidine residues (Cys 269 and 272; His 311, 319, 366, and 368) (Fig. 1C, purple arrows) , with an arrangement similar to the CCCH-class of zinc fingers (Ruby et al. 2007; Finn et al. 2009 ), suggesting that these residues in the Drn1 CwfJ domains may comprise a metal binding site. Paralogs of Drn1 in Schizosaccharomyces pombe (cwf19) and humans (CWF19L2) have C-terminal CwfJ domains but lack N-terminal Dbr1 homology.
Drn1 interacts with spliceosomal components and branched RNA products of splicing
There are evolutionarily conserved interactions between Drn1 and spliceosomal components. A previous study identified an interaction between S. cerevisiae Drn1 and the Nineteen Complex component Ntc40/Cwc2 (Hazbun et al. 2003) ; paralogs of Drn1 in S. pombe (Cwf19p and Mug161p) copurify with Nineteen Complex components (Ohi et al. 2002; Ren et al. 2011; Chen et al. 2014) ; and human Drn1 paralogs (Cwf19l1 and Cwf19l2) copurify with spliceosomes (Rappsilber et al. 2002) .
We used the yeast two-hybrid assay to identify protein interactions between Drn1 and Dbr1 and also identified an interaction between Drn1 and the Nineteen Complex component Ntc90/Syf1 in an unbiased screen for Drn1 interactors ( Fig. 2A) . We observed weaker and orientation-dependent two-hybrid signals between Drn1 and Ntc30/Isy1 and between Dbr1 and Ntc30/Isy1, an interaction partner of Ntc90/Syf1 ( Fig. 2A ; Dix et al. 1999) . We further analyzed these interactions by assaying the Drn1 N terminus (residues 1-255) and C terminus (residues 256-509) as activation domain fusions and found that the N terminus of Drn1 is sufficient to interact with both Ntc90/Syf1 and Dbr1 (Fig. 2B) . We also tested whether Dbr1 and Drn1 associate in splicing extracts. We immunoprecipitated Drn1 and Dbr1 from splicing extracts and analyzed associated proteins by Western blot. We found that Drn1 and Dbr1 associated in the extracts (Fig. 2C) , corroborating a previous affinity purification that identified an interaction between Drn1 and Dbr1 (Gavin et al. 2006) .
Dbr1 debranches lariat-introns (Khalid et al. 2005 ) and lariat-intermediates (Hilleren and Parker 2003) , and thus we tested whether Drn1 associates with these branched RNAs. We affinity purified Drn1 from in vitro splicing reactions and identified coprecipitating splicing intermediates from either a wild-type (WT) ACT1 pre-mRNA substrate, or an ACT1 pre-mRNA with a 3 ′ splice site mutation (UAG-to-UuG), which stalls splicing prior to the second catalytic step ( Fig. 2D ; Mayas et al. 2006 ). Drn1 immunoprecipitated lariat-intermediate and lariat-intron products spliced from WT premRNA (Fig. 2D , cf. lanes 3 and 4); this interaction was absent in drn1Δ extracts (Fig. 2D, lane 6 ). Drn1 immunoprecipitated lariat-intron more efficiently than lariat-intermediate, suggesting that Drn1 is mainly associated with post-catalytic complexes containing lariat-intron. In dbr1Δ extracts, we observed modest stabilization of branched RNAs (cf. lanes 7 and 3), and Drn1 immunoprecipitated both lariat-intron and lariat-intermediate. We also observed a faster migrating intron species consistent with a lariat-intron lacking its tail (Fig. 2D , lane 7, black arrow) and found that Drn1 did not immunoprecipitate this RNA (Fig. 2D , cf. lanes 7 and 8). Drn1 immunoprecipitated lariat-intermediates derived from premRNAs with a 3 ′ -splice site mutation (Fig. 2D) , and this interaction was not detected in a drn1Δ extract (Fig. 2D, lane  14) . These studies show that Drn1 interacts either directly or indirectly with both lariat-intermediate and lariat-intron, suggesting it has a role in the release or turnover of these molecules.
We examined the global association of TAP-tagged Drn1 and Dbr1 to RNA in vivo by CLIP-seq (Fig. 2E-G; Zhang and Darnell 2011) . Over 30% of the reads from these libraries mapped to the sequences for the U1, U2, U4, U5, and U6 snRNAs, and of these, Drn1-TAP and Dbr1-TAP crosslinked predominantly with U2 snRNA (94% of reads for Drn1-TAP; 97% for Dbr1-TAP) (Fig. 2E) . Insofar as U2 snRNA base-pairs with the branch site adenosine and is present in post-catalytic complexes containing lariat-intron FIGURE 2. Drn1 interacts with Dbr1, components of the Nineteen Complex, U2 snRNA, and branched intermediates and products of pre-mRNA splicing. (A) Yeast two-hybrid analysis of Drn1 interactions. Proteins were tested as Gal4 activation (AD) and binding (BD) domain fusions on selective media. Mec3/Rad17 is a positive control, and Drn1 and Dbr1 interact as reciprocal AD/ BD fusions. Drn1 interacts with Ntc90; the Ntc90-Ntc30 (Syf1-Isy1) interaction was reported previously (Dix et al. 1999) . (B) Yeast two-hybrid analysis of Drn1 domain interactions. The Drn1 Nterminal domain (residues 1-255) and C-terminal domain (256-509) were tested as Gal4-AD and BD fusions against Dbr1-BD and Ntc90/Syf1-AD fusions. Strong interactions were observed between Drn1, Drn1-1-255, and Ntc90/Syf1, and weaker interactions we observed with Drn1, Drn1-1-255, and Dbr1. (C) Drn1 and Dbr1 interact in splicing extracts. Splicing extracts were prepared from wild-type (WT; lanes 1,2), Dbr1-Flag (lanes 3,4), and Dbr1-Flag drn1Δ (lanes 5,6) yeast strains. Inputs (5%; lanes 1,3,5) and anti-Flag immunoprecipitations (lanes 2,4,6) were analyzed by Western blotting with anti-Drn1 antibodies (top) and anti-Flag antibodies (bottom). Drn1 is specifically isolated in the Dbr1-Flag splicing extracts (lane 4). A nonspecific protein isolated by anti-Flag antibodies is marked with an asterisk. (D) Copurification of Drn1 and branched RNA intermediates. Anti-Drn1 antibodies were used to immunoprecipitate Drn1 from in vitro splicing reactions with WT, drn1Δ, and dbr1Δ extracts. IP − indicates 10% input; IP + indicates RNA recovered by immunoprecipitation with anti-Drn1 antibodies of remaining 90%. WT ACT1 premRNA and a 3 ′ -splice site mutant (UAG-to-UuG) were used in the assays. A black arrow indicates a faster-migrating RNA species likely derived from processing of lariat-intermediate or lariat-intron. (E) Summary of snRNA interactions observed in Drn1, Dbr1, and Prp8 CLIP-seq experiments (read numbers indicated in the legend; y-axis is discontinuous). Prp8 is crosslinked mainly to U5 snRNA, whereas Dbr1 and Drn1 crosslink to U2 snRNA. (F) CLIP-seq signals in the RPS17B intron. Sequencing coverage (i.e., reads per base) is indicated to the right of each track. Conservation among six sensu stricto yeast strains (Siepel et al. 2005 ) is indicated at the bottom in black. The peak of conservation indicated by the gray arrow is the branch site. Drn1, Dbr1, and Prp8 (Li et al. 2013 ) crosslink near the branch point sequence; Drn1 also crosslinks downstream from the 5 ′ -splice site. (G) Drn1 and Prp8 CLIP-seq signals over the RPL43A, RPP1B, and RPS16A pre-mRNAs; annotations are as in F. No Dbr1 CLIP-seq signals were observed for any of these pre-mRNAs. (Yoshimoto et al. 2009; Fourmann et al. 2013) , these interactions are consistent with a role for both Dbr1 and Drn1 in branched RNA metabolism. Previously, we used CLIP-seq to show that Prp8-TAP crosslinked predominantly to U5 snRNA (98% of all sequencing reads that mapped to snRNAs) (Fig. 2E) , consistent with the role of Prp8 as a core U5 snRNP component (Grainger and Beggs 2005; Li et al. 2013) .
We also examined Drn1 and Dbr1 CLIP-seq signals in premRNAs (Fig. 2F,G) . Overall, ∼1% of the sequencing reads (about 10,000 reads from each library) mapped to premRNA regions. Surprisingly, the RPS17B intron was the only intron that robustly crosslinked to both Drn1 and Dbr1, with CLIP peaks near the branch site of the intron (Fig. 2F ). However, significantly fewer reads were found in the RPS17B exons, suggesting that Drn1 and Dbr1 interact with the RPS17B intron after splicing. Of the remaining CLIP signals, Drn1 interacted with far more introns than Dbr1. Overall, we identified 68 introns with significant Drn1 CLIP-seq peaks; RPS17B was the single intron with significant association with Dbr1. Of the Drn1 CLIP-seq peaks, many were clustered near the branch point of the intron (RPP1B and RPS16A) (Fig. 2G ). In addition, some pre-mRNAs exhibited more distributed Drn1 CLIP-seq signals (e.g., RPL43A, which accumulates in the absence of Drn1) (Fig. 3A) , with signals in both the introns and second exon, consistent with interactions between Drn1 and 5 ′ -exons, lariat-intermediates, or unspliced pre-mRNAs (Fig. 2G ).
Cells lacking Drn1 accumulate pre-mRNA splicing intermediates
We used tiling microarrays (Hiley et al. 2005 ) to analyze the steady-state abundance of about 400 coding and noncoding RNAs in WT and drn1Δ strains. This experiment identified splicing intermediates from several ribosomal protein pre-mRNAs that accumulate in the absence of Drn1. PremRNAs encoding small (RPS18A, RPS21B) and large (RPL43A) ribosomal subunit proteins exhibited increased signals in intronic regions. We validated several of these candidates by Northern blotting with probes to specific premRNA regions (Fig. 3A) . DRN1 deletion caused the accumulation of RPS18A lariat-intron by Northern blot, validating the tiling microarray results. In addition, we observed similar accumulations of lariat-introns for the RPS21B and RPL43A introns in drn1Δ cells (Fig. 3A) . In contrast to the detection of these lariat-intron products, probes specific to the RPS18A/B exons identified bands migrating at the expected positions of spliced RPS18A and RPS18B mRNAs, with no apparent change in their steady-state abundance in the absence of Drn1. We also examined pre-mRNAs that did not have detectable intronic hybridization on the tiling microarray. Probes spanning the ACT1 and RPS4A pre-mRNA intron-exon junctions identified single bands that migrated at the size of their spliced mRNAs but lacked detectable hybridization to intron-containing isoforms (e.g., pre-mRNA, lariat-intermediate and lariat-intron), validating the microarray results.
To assess the relative contributions of Drn1 and Dbr1 during debranching in vivo, we examined the accumulation of the RPS18A lariat-intron in strains lacking combinations of DRN1 and DBR1 (Fig. 3B) . We found that the mild lariat-intron accumulation phenotype in drn1Δ strains was much more pronounced in dbr1Δ strains, and the double drn1Δ dbr1Δ deletion strain exhibited accumulation equivalent to dbr1Δ alone, suggesting that Dbr1 is required for the majority of RPS18A lariat-intron turnover.
We tested whether evolutionarily conserved residues in the Drn1 CwfJ domains (Fig. 1C) are required for intron metabolism in vivo. We complemented a drn1Δ strain with singlecopy CEN-ARS plasmids expressing either WT DRN1 or with DRN1 mutants containing alanine substitutions at conserved positions ( Fig. 3C ; Alberti et al. 2007 ). We selected several residues based on their conservation among DRN1 orthologs (e. g., Cys 269, Cys 272, and His 366 in the C-terminal CwfJ domains) (Fig. 1C) and their similarity to residues of the metallphosphoesterase domain of Dbr1 (Asp 17 and Asp 34) (Fig.  1B) . We analyzed RNA from these strains by Northern blot using a probe for the RPS18A lariat-intron, which accumulates in drn1Δ strains (Fig. 3A) . This analysis showed that several residues (Cys 269 and 272, His 361, Arg 459, and Trp 474) in the C-terminal CwfJ domains are required for turnover of the RPS18A intron in vivo, whereas N-terminal residues conserved in Dbr1 (Asp 17 and Asp 34) are not required for Drn1 function. These data implicate key residues in the C-terminal CwfJ domains that mediate Drn1 function in vivo.
Drn1 enhances Dbr1 catalytic activity in vitro
Given the homology between Drn1 and Dbr1 ( Fig. 1) and their physical and functional associations (Fig. 2) , we reasoned that Drn1 might affect the RNA binding and debranching activity of Dbr1. We used a 7-nucleotide (nt) branched RNA (Fig. 4A ) to measure the affinity of Dbr1 for branched RNA. We expressed and purified Dbr1, Dbr1-H86A, and Drn1 from Escherichia coli (Fig. 2B ) and used them in binding and activity assays. The mutant Dbr1 protein (His 86 to Ala; H86A) binds to branched substrates (Fig. 4D ) but lacks detectable debranching activity (Khalid et al. 2005) . We measured the affinity of Dbr1-H86A for the 7-nt synthetic branched RNA in a filter-binding assay to determine a K D of 507 nM for the Dbr1-H86A:RNA complex; Dbr1-H86A did not bind a short linear RNA in the same assay (data not shown). Addition of 4 µM Drn1 to the binding reactions modestly improved the affinity of Dbr1 for RNA (K D = 379 nM) (Fig. 4D ), but 4 µM Drn1 alone did not bind the branched substrate (data not shown).
We varied the concentration of Dbr1 in cleavage assays to assess its ability to debranch the 7-nt branched RNA substrate and found that Dbr1 achieved 50% conversion of the branched substrate in 30 min at a concentration of 50 nM (Fig. 4C,E) . Addition of 0.5 µM Drn1 to these assays enhanced Dbr1-mediated turnover, reducing the amount of Dbr1 needed for 50% conversion to ∼5 nM, representing a 10-fold improvement in apparent rate of debranching. Drn1 alone was unable to debranch the 7-nt substrate (at Drn1 concentrations up to 5 µM) (Fig. 4F) , suggesting that it interacts with Dbr1 to enhance branched RNA turnover. In a previous study (Khalid et al. 2005) , Dbr1 was about fivefold more active in debranching assays. Our substrate was 7 nt in size, whereas the previous study used substrates between 18 and 29 nt; it is possible that Dbr1 binds larger substrates with higher affinity, accounting for the higher rate of debranching in the previous study.
We also asked how Drn1 affects the kinetics of Dbr1-mediated debranching. At a high concentration (25 nM), Dbr1 converted 50% of the 7-nt branched substrate to linear form in 60 sec (Fig. 4F,G) . Addition of 0.5 µM Drn1 greatly accelerated Dbr1-mediated debranching, with 80% of the substrate converting to linear form in 60 sec; this concentration of Drn1 alone was unable to debranch the RNA substrate (Fig. 4F) . We observed ∼5% debranching after 30 min at a lower concentration of Dbr1 (6.25 nM) (Fig. 4H,I ). However, addition of 0.5 µM Drn1 to these reactions enhanced debranching of the substrate by Dbr1, achieving 50% conversion in 5 min.
Drn1 modulates turnover of branched RNA during splicing in vitro
We analyzed the function of Drn1 with splicing extracts (Stevens and Abelson 2002; Mayas et al. 2006 ) prepared from WT, drn1Δ, and dbr1Δ strains. These extracts were used to splice WT ACT1 pre-mRNA and a pre-mRNA with a 3 ′ -splice site mutation (UAG to UuG). We examined the release of splicing intermediates and products in these reactions by glycerol gradient sedimentation (Fig. 5; Stevens and Abelson 2002) . In the WT extract, WT ACT1 pre-mRNA was efficiently converted to mature mRNA and released into lighter fractions (Fig. 5A ). In the dbr1Δ extract, WT ACT1 pre-mRNA splicing resulted in the expected appearance of lariat-intron and lariat-intermediate in light fractions (Martin et al. 2002) , as well as a faster migrating RNA (i.e., a lariat without a tail) sometimes seen during in vitro splicing ( Fig. 5B ; Krämer and Keller 1985; Arenas and Hurwitz 1987) . In the drn1Δ extract, WT ACT1 pre-mRNA splicing ′ -exon in light fractions (Fig. 5C, bottom panel, frac. 4-10) . In addition, whereas most of the branched RNAs released in the dbr1Δ extract were in the faster migrating intron form, branched RNAs released in the drn1Δ extract were mainly in lariat-intron form, suggesting that Drn1 function is required for efficient production of the faster migrating intron form. Although we were unable to complement these extracts with recombinant Drn1 (data not shown), we observed identical release phenotypes in independent preparations of drn1Δ splicing extract.
Pre-mRNA substrates with mutant 3 ′ splice sites impede exon ligation (Mayas et al. 2006) . Splicing of ACT1 premRNA with a 3 ′ splice site UuG mutation in the WT extract resulted in efficient production of first-step products but significantly lower levels of second-step lariat-intron and mRNA products (Fig. 5D ). In the dbr1Δ extract, the second step of splicing was inefficient, and lariat-intermediate was released into lighter fractions (Fig. 5E, top panel, fractions 8-10 ). The faster-migrating intron product was present in light fractions (fractions 4-10), but lariat-intron was not, suggesting that this faster migrating RNA is generated either from released lariat-intermediates or from spliceosome-bound lariat-introns (fractions 20-24). In assays with drn1Δ extract and the UuG pre-mRNA, we observed release of 5 ′ -exon, lariat-intron (Fig. 5F , fractions 4-6), and lariat-intermediate (fraction 10), similar to the release of these intermediates observed during splicing of WT pre-mRNA in drn1Δ splicing extract (Fig. 5C ).
DISCUSSION
We showed that Drn1 functionally interacts with Dbr1 during pre-mRNA splicing to modulate the turnover of lariatintrons. In CLIP-seq experiments, Drn1 and Dbr1 directly interact with branched RNA, as well as the U2 snRNA (Fig. 2E,F) . Moreover, Drn1 interacts with a larger number of introns than Dbr1, perhaps reflecting aspects of the interactions among Drn1, Dbr1, and branched RNA. More specifically, the Dbr1 enzyme might interact transiently with branched RNA substrates, precluding robust detection by crosslinking. In contrast, Drn1 interacts with lariat-intermediates and lariat-introns (Fig. 2D) , End-labeled substrate (1 nM) was incubated at 22°C in the presence of 25 nM Dbr1 (top), 0.5 µM Drn1 (middle), or 25 nM Dbr1 and 0.5 µM Drn1 (bottom). Aliquots were removed at 15, 30, 45, 60, 75, 90, 120, 300, 600, 1200, and 1800 sec and analyzed by denaturing acrylamide gel electrophoresis. (G) Quantitation of cleavage shown in top and bottom panels of F; error bars, SD for three independent assays. (H) Time course of RNA debranching. End-labeled substrate (1 nM) was incubated in the presence of 6.25 nM Dbr1 (top) or 6.25 nM Dbr1 and 0.5 µM Drn1 (bottom). Aliquots were removed at time points as in F and analyzed by denaturing acrylamide gel electrophoresis. (I) Quantitation of cleavage shown in H; error bars, SD for three independent assays. possibly enabling more robust detection of specific molecules by crosslinking. Drn1 was crosslinked to the introns of a total of 46 pre-mRNAs. Many of these were ribosomal protein gene pre-mRNAs, suggesting that detection of these RNAs by Drn1 CLIP-seq was strongly correlated with pre-mRNA expression level.
The RPS17B intron was the only intron that robustly crosslinked with both Drn1 and Dbr1 (Fig. 2F) . The RPS17B intron (formerly rp51b) has complementary sequences near its 5 ′ -splice site and branch point that base-pair to promote the first step of its splicing (Libri et al. 2000) . Base-pairing in the RPS17B intron may inhibit intron release from postsplicing complexes (Martin et al. 2002; Mayas et al. 2010) . Thus, the introns most affected by drn1Δ may inherently antagonize disassembly. In these cases, it is possible that Drn1 promotes efficient turnover of these introns by enhancing Dbr1 activity.
The significance of robust crosslinking by Dbr1 and Drn1 to the U2 snRNA remains to be determined. Analysis of in vitro disassembly of post-catalytic intron lariat spliceosomes (ILSs) by Prp43, Ntr1, and Ntr2 showed that lariat-intron is associated with U2 snRNA (Fourmann et al. 2013) . Insofar as Dbr1 is only able to debranch disassembled post-catalytic lariat-introns (Martin et al. 2002) , crosslinking of Dbr1 and Drn1 to U2 snRNA is unexpected but suggests that Dbr1 may be recruited to lariat-intron complexes for lariat-intron turnover prior to or concomitant with their disassembly from post-splicing complexes but is nevertheless unable to access the branchpoint of the lariat-intron. One candidate for mediating this interaction is the Nineteen Complex component Syf1/Ntc90, which is complexed with the ILS (Fourmann et al. 2013 ) and may mediate an interaction with Drn1 and Dbr1 ( Fig. 2A) . However, neither Dbr1 nor Drn1 was identified in mass spectrometry analysis of post-catalytic ILS complexes (Fourmann et al. 2013) , suggesting that Dbr1 and Drn1 are recruited at low levels or are not stable components of this complex.
Drn1 significantly improves the RNA debranching activity of Dbr1 in vitro (Fig. 4) , and Drn1 appears to modulate Dbr1 activity during splicing in vitro (Fig. 5) . In addition, evolutionarily conserved residues in the Drn1 CwfJ domains are required for Drn1 function in vivo (Fig. 2) . Other CwfJ domains in Drn1 paralogs (S. pombe mug161 and human CWF19L2) are highly homologous to the CwfJ domains in S. cerevisiae Drn1, suggesting that they might also interact with Dbr1 to affect RNA debranching.
Drn1-mediated enhancement of Dbr1 debranching appears to involve direct or indirect modulation of catalysis rather than improvement of the affinity of Dbr1 for branched RNA substrates (Fig. 4) . Drn1 could promote catalysis of Dbr1 by several mechanisms: Drn1 might directly modulate the Dbr1 active site; Drn1 might indirectly stabilize Dbr1 structure or alleviate an inhibitory interaction between FIGURE 5. Dbr1 and Drn1 modulate branched RNA turnover during in vitro splicing. Splicing of ACT1 pre-mRNA was analyzed by glycerol gradient sedimentation. RNA in even-numbered fractions collected from the top ("released") to the bottom ("bound") of the gradient was analyzed on denaturing polyacrylamide gels. Positions of lariat-intermediate, lariat-intron, a faster-migrating intron form (marked with an asterisk, possibly a lariat lacking a tail), pre-mRNA, spliced mRNA, and 5 ′ -exon are shown for each panel. Splicing of a WT ACT1 pre-mRNA was analyzed in WT (A), dbr1Δ (B), and drn1Δ (C ) extracts. Splicing of WT ACT1 pre-mRNA in dbr1Δ and drn1Δ extracts causes accumulation of branched intermediates in released fractions (B,C, fractions 4-10). A faster-migrating intron (i.e., a lariat without a tail, marked with an asterisk) migrates just below lariat-intron (B, top panel, fractions 4-10). Splicing of WT pre-mRNA in drn1Δ extract causes modest accumulation of 5 ′ -exon in released fractions (C, bottom panel, fractions 4-6). Splicing of a pre-mRNA with a 3 ′ -splice site mutation (UAG to UuG) was analyzed in WT (D), dbr1Δ (E), and drn1Δ (F ) extracts. Splicing of UuG substrates in drn1Δ extract enhances accumulation of released 5 ′ -exon relative to WT extract (F, bottom panel, fractions 4-6).
domains of Dbr1, thereby enhancing Dbr1 activity; and alternatively, Drn1 might promote product release by Dbr1. A caveat of this interpretation is that our measurement of Dbr1-H86A:RNA complexes may not accurately reflect the affinity of WT Dbr1 for RNA substrates insofar as the His 86 residue is predicted to make direct contact with the scissile phosphate (Khalid et al. 2005 ). In addition, it is possible that Drn1 does not bind short, branched RNA substrates but is able to bind longer branched RNAs. Following splicing and release of post-catalytic lariat-introns, Drn1 might improve Dbr1 activity on lariat-introns that are difficult to debranch due to inherent secondary structure that sequesters the branch point. After the completion of splicing, released lariat-intron complexes contain components of the U2 snRNP and components of the Nineteen Complex (Yoshimoto et al. 2009; Fourmann et al. 2013) , and these factors may block the access of Dbr1 to the branched position of the lariat-intron. Indeed, Dbr1 cannot debranch lariat-introns until they are released from postsplicing complexes by Prp43 (Martin et al. 2002) . Loss of Drn1 may therefore reduce the ability of Dbr1 to debranch lariat-introns and lariat-intermediates during or after the disassembly of post-splicing complexes, consistent with the finding that branched RNAs released from the spliceosome accumulate in the absence of Drn1 (Fig. 5) .
Drn1 homologs have previously been associated with premRNA splicing in other organisms. In the fission yeast S. pombe, the Drn1 ortholog mug161 is highly expressed during meiosis (Mata et al. 2002) , and Mug161p associates with components of the Nineteen complex (Ren et al. 2011) . In humans, the Drn1 ortholog CWF19L1 was identified in large-scale proteomic analysis of spliceosomes (Rappsilber et al. 2002) . In addition, Drn1 paralogs in S. pombe (cwf19) and metazoans (e.g., human CWF19L2) have C-terminal CwfJ domains, but instead of Dbr1 homology, these paralogs commonly have N-terminal zinc-finger-like or RRM domains (Finn et al. 2009 ), suggesting a diversification of their functions during splicing. S. pombe Cwf19p associates with the Nineteen Complex (Ohi et al. 2002) and Cwf19L2 was also found in proteomic spliceosomal analysis (Rappsilber et al. 2002) , showing that these proteins have retained a splicing-related function.
Drn1 orthologs have an evolutionarily conserved N-terminal domain homologous to the metallophosphoesterase domain of Dbr1 (Fig. 1) , but the role of the N-terminal pseudo-metallophosphoesterase domain of Drn1 remains unknown. Evolutionary loss of key catalytic residues ( Fig. 1B ; Khalid et al. 2005) in Drn1 orthologs suggests that Drn1 does not retain catalytic activity. It is possible that this domain is required for Drn1 to maintain a key contact with the spliceosome and, furthermore, that this contact is the same position at which Dbr1 binds the spliceosome. Consistent with this idea, this domain is sufficient to interact with Ntc90/ Syf1 by yeast two-hybrid analysis (Fig. 2B) . Ntc90/Syf1 is a structural component of the Nineteen Complex that recruits the first-step factor Yju2 (Chang et al. 2009 ), and thus Ntc90/ Syf1 might also recruit Drn1 to the spliceosome by the Drn1 N-terminal domain. Given the interaction of Drn1 with the Ntc90/Syf1 component of the Nineteen Complex, as well as its previous copurification with S. cerevisiae Cwc2/Ntc40 (Hazbun et al. 2003 ) and components of the S. pombe Nineteen Complex (Ohi et al. 2002) , we propose that Drn1 is recruited to the spliceosome by the Nineteen Complex. In contrast, we found no interactions between Dbr1 and components of the Nineteen Complex ( Fig. 2A) , suggesting that the interaction with the Nineteen Complex is unique to Drn1. However, insofar as the N-terminal domains of Drn1 and Dbr1 are homologous (Fig. 1) and presumably adopt similar structural folds, the absence of an Dbr1-Ntc90/Syf1 interaction ( Fig. 2A, B) is surprising and suggests that the Drn1-Ntc90 interaction might be context specific or that the twohybrid assay fails to recapitulate specific aspects of the interaction. Given the evolutionary duplication of the Drn1 protein in S. pombe and metazoans (e.g., cwf19 and mug161 in S. pombe; CWF19L1 and CWF19L2 in humans) and the absence of a corresponding duplication in Dbr1, we speculate that Drn1 homologs evolved additional roles beyond Dbr1 regulation during splicing.
MATERIALS AND METHODS
Yeast strains and culturing
Strains were constructed using standard genetic techniques (Guthrie and Fink 2002) . Strains used in this work are listed in Table 1 .
Plasmids and oligonucleotides
Plasmids and oligonucleotides used in this work are listed in Table 2 .
Drn1 sequence analysis
Sequences for Drn1 and Dbr1 orthologs were obtained from Uniprot (DBR1_DROME, DBR1_MOUSE, DBR1_HUMAN, DBR1A_ XENLA, DBR1_ARATH, DBR1_CAEEL, DBR1_YEAST, C3H64_ ARATH, C19L1_DROME, C19L1_HUMAN, C19L1_ MOUSE, C19L1_XENLA, C19L1_CAEEL, DRN1_YEAST). Drn1 orthologs and the region of Dbr1 homology were identified using the jackhmmer program from the HMMER 3.0 package (Finn et al. 2011) . Multiple sequence alignments were visualized using Jalview (Waterhouse et al. 2009 ).
Yeast two-hybrid assays
Yeast two-hybrid screens were carried out as previously described (Hazbun et al. 2003) , with the exception that ORFs were cloned using custom Gateway (Invitrogen)-compatible Gal4-AD and Gal4-BD fusion vectors. Plasmids containing open reading frames (ORFs; with in-frame stop codons) were obtained from the Harvard ORF collection (Hu et al. 2007 ). Plates were incubated for 7 d at 30°C prior to photographing.
Protein expression and purification
The ORF for S. cerevisiae Dbr1 was cloned into pET-16b (Novagen) creating an N-terminal 10xHis fusion. The Dbr1-H86A mutant was created using the Quickchange reaction (Agilent). The Drn1 ORF was obtained from the Harvard ORF Collection (Hu et al. 2007 ). The ORF was moved to pDONR221 by BP recombination and then moved to pET-53-DEST by LR recombination creating an N-terminal 6xHis fusion. Dbr1 and Drn1 expression constructs were transformed into BL21 (DE3) RIPL expression cells (Agilent). Cultures were grown to an OD 600 of ∼0.6 at 37°C and chilled for 30 min on ice. Ethanol was added to 2%, and expression was induced with 0.4 mM IPTG. Cultures were shaken 16 h at 17°C, and cells were harvested by centrifugation. Cells were lysed in Buffer A (50 mM Tris-HCl at pH 7.5, 250 mM NaCl, 10% sucrose) with 0.1 mg/mL lysozyme at 4°C and clarified by centrifugation. Cleared lysates were applied to nickel resin (Qiagen), washed with Buffer E (50 mM Tris-HCl at pH 7.5, 10% glycerol, 250 mM NaCl), and eluted with Buffer E + 300 mM imidzaole. Peak fractions were pooled and further purified by cation exchange chromatography (Mono S; GE Life Sciences) on a linear gradient of Buffer D (50 mM TrisHCl at pH 7.5, 10% glycerol, 5 mM DTT, 1 mM EDTA at pH 8.0) from 100 mM to 500 mM NaCl. Proteins typically eluted at 250 mM NaCl. Peak fractions were pooled and snap-frozen. Protein concentrations were calculated by Bradford assay.
Synthesis of branched RNA oligonucleotides
Branched RNA compounds were synthesized on a glass solid support, using modifications of published procedures (Braich and Damha 1997; Damha and Braich 1998) and branch point adenosine synthons that permit stepwise installation of the 5 ′ -, 3 ′ -, or 2 ′ -segments (Katolik et al. 2014) . Newly synthesized RNA molecules were purified by HPLC and size-exclusion chromatography. The identity of the synthetic branched compounds was verified by mass spectrometry and debranching assays.
Debranching assays
Purified Dbr1 and Drn1 proteins were incubated with 5 ′ -end-labeled branched RNA substrates in buffer (50 mM MOPS at pH 7.0, 10 mM MnCl 2 and 150 mM NaCl) at 22°C. Dbr1 was assayed using the concentrations indicated (6.25 or 25 nM Dbr1, 1 nM RNA) in the presence or absence of Drn1. Time points were removed and quenched in stop dye (0.1% bromophenol blue, 0.1% xylene cyanol, 95% formamide, 25 mM EDTA at pH 8.0). Products were separated on 20% denaturing polyacrylamide gels and quantitated by phosphorimaging. MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ygr093w::kanMX ykl149c::kanMX YJH200 Dbr1-TAP MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 YKL149C:TAP-:his3MX Open Biosystems YJH266 BY4743
MATa/alpha his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ/MET15 lys2Δ0/LYS2 ura3Δ 0/ura3Δ0
Open Biosystems
YJH267 YGR093W homozygous deletion
MATa/alpha his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ/MET15 lys2Δ0/LYS2 ura3Δ 0/ura3Δ0 ygr093w::kanMX/ygr093w::kanMX
Open Biosystems YJH434 BJ2168 MATa pep4-3 prb1-1122 prc1-407 leu2 trp1 ura3-52 YJH435 BJ2168 drn1Δ
MATa pep4-3 prb1-1122 prc1-407 leu2 trp1 ura3-52 drn1Δ::hphMX YJH538 BJ2168 dbr1Δ
MATa pep4-3 prb1-1122 prc1-407 leu2 trp1 ura3-52 dbr1Δ::natMX YJH578 BJ2168 drn1Δ Dbr1-Flag MATa pep4-3 prb1-1122 prc1-407 leu2 trp1 ura3-52 drn1Δ::hphMX DBR1::3xFlag DBR1-Flag tagged with pZM467 YJH580 BJ2168 Dbr1-Flag MATa pep4-3 prb1-1122 prc1-407 leu2 trp1 ura3-52 DBR1::3xFlag 
JPS149 (ACT1 WT) (Mayas et al. 2010 ) BJH602 JPS149 UuG (Mayas et al. 2010 ) BJH502 pET16b-Dbr1 BJH152
pET-16b-Dbr1-H86A BJH168 pET16b-Drn1 BJH488 pZM467 (3x-Flag vector) (Moqtaderi and Struhl 2008) Filter binding assays
Binding reactions were assembled with recombinant Dbr1, Dbr1-H86A, and Drn1 containing 100 pM 5 ′ -radiolabeled branched RNA substrate (50 mM MOPS at pH 7.0, 100 mM NaCl, 10 mM MnCl 2 ). Reactions were incubated for 30 min at 22°C and filtered through sandwiched nitrocellulose (Protran, Whatman) and nylon (Hybond N+, GE Life Sciences) membranes. Bound complexes were washed twice with 200 µL binding buffer. Membranes were dried and exposed to PhosphoImager screens to determine the fraction of RNA in bound to the nitrocellulose membrane. Curve fitting was performed in Graphpad Prism.
Dbr1 and Drn1 interaction analysis
Immunoprecipitation experiments were carried out using anti-Flag M2 resin (Sigma) and splicing extracts. Prewashed resin was resuspended in 450 µL of IPP150 buffer and 50 µL of spicing extract prepared from the WT, Dbr1-Flag strain, or Dbr1-Flag drn1Δ strain. After removal of an input aliquot, reactions were incubated for 1 h at 4°C and washed three times with 500 µL of IPP150 buffer. After the final wash, the resin was resuspended in 25 µL of 1× SDS-PAGE loading dye. All samples were incubated for 5 min at 95°C before loading on a precast NuPAGE 10% Bis-Tris gel (Novex, Life Technologies) and then blotted to nitrocellulose. Membranes were probed with polyclonal antisera against Drn1 (1:15,000) or anti-Flag antibody (1:15,000). HRP-conjugated secondary antibodies were used with ECL for visualization.
Glycerol gradient analysis of in vitro splicing
Splicing extracts were prepared as previously described (Stevens and Abelson 2002) , except that cells were disrupted in a cryogenic ball mill (Retsch MM401) five times for 3 min at 10 Hz (Mayas et al. 2006) . Splicing substrates were generated by T7 RNA polymerase transcription of an ACT1 pre-mRNA lacking a cryptic branch site (Vijayraghavan et al. 1986 ) in the presence of [α-32 P]UTP. Point mutations were introduced by QuikChange mutagenesis and confirmed by Sanger sequencing. Splicing reactions (60 mM KH 2 PO 4 at pH 7.0, 2 mM ATP, 3 mM MgCl 2 , 3% PEG 8000, 1 mM spermidine; 100 µL total) were incubated for 20 min at 22°C and stopped by cooling on ice. After removal of an input aliquot, reactions were layered on 10 mL 15%-40% glycerol gradients (20 mM HEPES at pH 6.5, 100 mM KCl, 2 mM MgCl 2 ) and sedimented at 35,000 RPM for 14 h at 4°C in a Beckman SW 41 rotor. Fractions (400 µL) were manually collected from the top of the gradients, phenol:chloroform extracted, and ethanol precipitated. Even-numbered fractions were analyzed on 6% polyacrylamide (29:1) sequencing gels with 7 M urea and 1× TBE; the faster-migrating intron form was not well resolved in 19:1 polyacrylamide. Dried gels were exposed to PhosphorImager screens for quantitation.
Microarray analysis
Microarray analysis was performed as previously described (Hiley et al. 2005) . Briefly, total RNA from diploid BY4743 and derivative drn1Δ/drn1Δ strains (Open Biosystems) was labeled using a direct RNA labeling kit (Ulysis labeling kit, Invitrogen). Labeled RNA was hybridized to microarrays (Agilent Technologies; 4×44k format) containing probes that tile across approximately 400 yeast noncoding RNAs (Hiley et al. 2005) . Two independent RNA preparations from each strain were included in a dye-swap experiment to yield four independent cohybridizations. Following hybridization, arrays were scanned and intensity data were processed using the marray package from Bioconductor (Gentleman et al. 2004) . Data for array hybridizations are available from the NCBI Gene Expression Omnibus (Barrett et al. 2010 ) under accession no. GSE15418.
Northern blotting
Total RNA was isolated using acid phenol, resolved on 6% denaturing acrylamide gels containing 1× TBE and 7 M urea, and electroblotted to HyBond N+ membranes (GE Life Sciences). Molecular weights were estimated by staining of a lane containing RNA Century-Plus (Ambion) excised prior to blotting. Double-stranded DNA probes complementary to exon or intron regions were PCR amplified and labeled with [α-32 P] dCTP using Ready-To-Go labeling beads (GE Life Sciences). Probes were hybridized to membranes in UltraHyb (Ambion) overnight at 42°C, washed twice with buffer (2× SSC, 0.1% SDS) at room temperature, and exposed to PhosphorImager screens (GE Life Sciences).
CLIP-seq of Dbr1 and Drn1
CLIP-seq experiments were carried out as previously described (Li et al. 2013) . Briefly, strains with TAP-tagged Dbr1 and Drn1 proteins (Ghaemmaghami et al. 2003) were grown to an OD 600 of 2.0 in YEPD, crosslinked with 800 mJ/cm 2 of 254 nm light for 10 min, and harvested by centrifugation. Cells were cryogenically milled (Spex Freezer/Mill) to extract RNA-protein complexes, followed by subsequent ribonuclease trimming, 5
′ phosphorylation with [γ-32 P] ATP, and adaptor ligation. Crosslinked RNA-protein complexes were resolved by SDS-PAGE, and labeled RNAs in the gel were visualized by phosphorimaging. Complexes migrating above the band corresponding to the protein molecular weight were excised and recovered by crushing the gel in buffer (0.3 M NaCl, 10 mM EDTA at pH 8.0), followed by precipitation. Proteins were digested by Proteinase K, and RNAs were converted to libraries by reverse transcription and PCR with indexed primers. Libraries were sequenced on an Illumina GA IIx or HiSeq 2000 platforms and aligned to the S. cerevisiae genome (sacCer1 in the UCSC genome browser) using bowtie2 (Langmead and Salzberg 2012) . We obtained a total of 2,216,092 reads (82% mappable) from the Dbr1 library and 2,044,592 reads (81% mappable) from the Drn1 library. Of the aligned reads, 30% mapped to annotated snRNAs (U1, U2 U4, U5, and U6). In addition, 1% of the reads mapped to annotated pre-mRNAs and introns. The majority of the remaining reads were derived from ribosomal RNA. Data from CLIP-seq experiments are available from the NCBI Gene Expression Omnibus (Barrett et al. 2010 ) under accession number GSE44959. 
